Introduction
Genetic transformation of plants for a particular trait requires the use of a selectable marker gene which allows the identification of individuals that have received the gene of interest. Usually, selectable markers are genes that confer resistance to biocides, such as antibiotics or herbicides. Antibiotic resistance genes have their origin in microorganisms and, in some cases, plants harbouring these markers cannot withstand strong selection pressure, e.g. hygromycin (Nazakawa and Matsui, 2003) . Antibiotic markers have come under strong criticism because of the fear that the use of antibiotics will promote the development of resistant bacterial strains, either by horizontal gene transfer or environmental selection pressure, as a result of the application of the antibiotic.
Some herbicide resistance genes used as selectable markers also have their origin in microorganisms (Misawa et al ., 1993; Wagner et al ., 2002) . The possible transfer of a gene for herbicide resistance from a crop to a weed remains a potential problem (Hall et al ., 2000) and, as weed resistance evolves, new herbicide resistance genes will be needed.
Although no negative health effects have been associated with the use of antibiotic or herbicide markers in genetically engineered food, consumer surveys indicate a higher acceptability of genes of plant origin in food products than genes from other organisms (Lusk and Sullivan, 2002) . To satisfy public concern, Rommens et al . (2004) proposed the use of all-native plant DNA for transformation. A desirable marker would be of plant origin, with a site of action of the selection agent that is not present in mammalian systems, and has a selection agent that can be easily incorporated in standard transformation systems.
The enzyme phytoene desaturase (PDS) has been the main target for herbicides that inhibit the carotenoid biosynthetic pathway. In plants, PDS converts phytoene to ζ -carotene.
Carotenoids are essential components of the photosynthetic apparatus. They participate in light harvesting and protect the chloroplasts from the harmful effect of singlet oxygen formed during photosynthesis (Sandmann and Böger, 1997) .
PDS-inhibiting herbicides prevent the formation of carotenoids, resulting in the degradation of chlorophyll and the destruction of chloroplast membranes, which is characterized by the photobleaching of green tissues (Böger and Sandmann, 1998) .
Mutations of the cyanobacterium Synechococcus PDS have resulted in herbicide-resistant microbial enzymes (Chamovitz et al ., 1991) , and have conferred herbicide resistance when expressed in transgenic tobacco ( Nicotiana tabaccum ) plants (Wagner et al ., 2002) .
Recently, naturally occurring mutations at amino acid 304 of PDS in the aquatic weed Hydrilla verticillata (L. f. Royle) have been reported to impart herbicide resistance (Michel et al ., 2004) . This is the first known case of evolved resistance to PDS inhibitors in higher plants. Factors that may have contributed to this unique case, such as the unusual growth habits and multiple means of vegetative reproduction of H. verticillata , as well as the method of control in aquatic environments using fluridone, have been reviewed (Arias et al ., 2005) .
To further investigate the potential use of this herbicideresistant gene from a higher plant as a selectable marker, amino acid 304 of H. verticillata PDS was substituted with the other 19 main amino acids, and the activity of the enzymes was tested in vitro against fluridone. Four of these mutations, in addition to the wild-type PDS, were selected for expression in Escherichia coli and Arabidopsis thaliana for further characterization. Cross-resistance of the enzymes and of the T3 generation of transgenic plants was tested against seven PDS-inhibiting herbicides.
Results

Analysis of the nucleotide sequence of a higher plant phytoene desaturase
The sequence of the phytoene desaturase gene ( pds ) of H. verticillata (Accession number AY639658) has three putative start codons: ATG1, ATG2 and ATG3 (Figure 1 ). The region between ATG1 and ATG3 is rich in alanine (Ala) (11%) Figure 1) . A computer analysis using the SignalP algorithm developed by Schein et al . (2001) predicted that the ATG1 to ATG3 region encoded for a chloroplast transit peptide, with a prediction level of 0.786.
In the DNA sequence alignment of H. verticillata pds with Synechococcus elongatus pds (Accession number X55289), the start codon of the cyanobacterial sequence corresponded to position nt 330 of H. verticillata pds . Using the primer PDS-Start (Figure 1 ), a deletion clone starting at nt 327 of H. verticillata pds was generated fusing the open reading frame (ORF ) to a histidine-tag (His-tag) in a bacterial expression vector. Although this sequence encoded for what appeared to be the mature protein, the resulting protein had no PDS activity. Therefore, a similar construct was made with the complete pds sequence starting at ATG1 that included the putative sequence for a transit peptide and was expressed in E. coli for enzymatic assays. This construct produced an active PDS enzyme, but N-terminal His-tag purification by affinity chromatography was unsuccessful, suggesting possible cleavage in E. coli . Analysis of the 110 amino acids at the N-terminus of PDS using the program SignalP (Nielsen et al ., 1997; Bendtsen et al ., 2004) predicted two cleavage site positions in Gram-negative bacteria. The first was VVA-VN and the second was ANA-PY ( Figure 1 ). A new construct was made using the deletion clone ATG3 without codon 76 (3ORF clones).
These constructs expressed a His-tagged protein that was easily purified and, unlike the clone starting at amino acid 330 (aa330), the protein had enzymatic activity.
Resistance of the ATG1 series to fluridone
The Hydrilla pds was subjected to site-directed mutagenesis to create a series of expression constructs with all possible natural amino acids at position 304 of the PDS sequence.
In vitro assays on wild-type and mutant PDS allowed the assessment of the amino acid substitutions. In general, replacement of arginine 304 (Arg304) by any amino acid resulted in higher resistance to fluridone than obtained with the wild-type enzyme, with the exception of the proline (Pro) and tryptophan (Trp) substitutions, which resulted in inactive PDS proteins (Table 1 ). The highest levels of resistance to fluridone tested in vitro were obtained with threonine ( Thr), cysteine (Cys), alanine (Ala) and glutamine (Gln) mutations, which resulted in resistance to sensitivity (R / S) values of 40, 30, 23 and 19, respectively (Table 1) .
Cross-resistance of the Thr, Cys, Ser and His mutants to seven phytoene desaturase inhibitors PDS aa304 mutants (Thr, Cys, Ser and His), starting at either ATG1 (complete clones) or ATG3 (3ORF constructs) ( Figure 1 ), were selected for a cross-resistance study against seven PDS-inhibiting herbicides in in vitro assays ( Figure 2 ).
All of these PDS mutant enzymes were more resistant than the wild-type to fluridone (R / S values up to 10) ( Table 2) . Their resistance to norflurazon was even greater (R / S values up to 52) ( Table 2) . Interestingly, all four mutations caused the enzymes to be generally more sensitive (negative crossresistance) to beflubutamid, diflufenican and picolinafen, with R / S values between 0.2 and 0.8 (bold values in Table 2 ).
Values of R / S < 1 indicate a higher susceptibility than the wild-type.
Analysis of the double mutants
Three mutation sites known to increase the herbicide resistance of Synechococcus pds , different from that herbicides than plants transformed with the empty vector or the wild-type pds (bold values in Table 5 ). In the T3 generation, all selected lines carrying the Cys mutation were segregating; therefore, they were not included in Table 5 .
Maximum resistance to fluridone and norflurazon
Although all plants transformed with H. verticillata pds mutations exhibited resistance to fluridone and norflurazon, the Thr 20 line was the only line that survived in 200 nM fluridone and 3000 nM norflurazon (Table 4 ). These concentrations represent R / S values of 57 and 14 for norflurazon and fluridone, respectively. Overall, the copy number of H. verticillata pds encoding for herbicide resistance did not appear to affect the level of resistance to these two herbicides (Table 4) . (Zhang and Glaser, 2002) .
Evaluation of the biometric parameters of plant lines
The region between ATG1 and ATG3 of H. verticillata PDS consists of 76 amino acids containing 11% Ala and 13% Ser, and an isoelectric point of 10.38. In contrast, the isoelectric point for the rest of the PDS protein, without the ATG1 to ATG3 fragment, is only 5.75 and contains 9% Ala and 6% Ser. Furthermore, computer analysis using the algorithm developed by Schein et al. (2001) also predicts that the ATG1 to ATG3 region of Hydrilla PDS encodes for a chloroplast transit peptide, with a prediction level of 0.786. A minimum threshold of 0.420 is sufficient for a sequence to be classified as encoding a chloroplast transit peptide.
The expression of a PDS protein without the putative transit peptide (starting at nt 326, PDS-Start in Figure 1 (Voorberg et al., 1991; Bork, 1993) . In the case of PDS, this domain could be necessary for the correct assembly of the protein complex to work in carotenoid synthesis.
It has been demonstrated that PDS exists as a monomeric and oligomeric complex assembled after import of the protein in the stroma of the thylakoid (Bonk et al., 1997) .
From a physiological perspective, protein-protein interaction between the thykaloid membrane-localized phytoene synthase and the stroma-localized PDS would be highly advantageous, if not required, to enable the channelling of phytoene. Indeed, phytoene is a highly hydrophobic molecule and will be compartmentalized into the thylakoid membrane rather than the hydrophilic environment of the stroma. The association of PDS with the thylakoid membrane would ensure access to phytoene.
It has been proposed that carotenoid desaturases assemble as dimers, in addition to forming part of larger protein complexes in the membrane (Bartley et al., 1990; Pecker et al., 1992) . of Synechococcus PDS. In the same study, the R / S value for fluridone was only 3 (Wagner et al., 2002) . Tobacco plants transformed with the Erwinia uredovora (crtI) pds have been shown to survive up to 3 µM norflurazon and 12 µM fluridone (Misawa et al., 1993) . In our study, one non-segregating line, carrying H. verticillata PDS with the Thr mutation, was resistant to 3 µM norflurazon and 200 nM fluridone.
In previous work, all plants expressing bacterial or cyanobacterial PDS exhibited positive cross-resistance to PDSinhibiting herbicides (Misawa et al., 1994; Wagner et al., 2002) .
Expression of the bacterial crtI gene in tobacco plants conferred resistance to norflurazon, fluridone, flurtamone, flurochloridone and diflufenican (Misawa et al., 1994) . Here, we report that transgenic plants carrying a higher plant pds with various mutations at aa304 show negative cross-resistance (or supersensitivity) to some PDS-inhibiting herbicides (i.e. diflufenican, beflubutamid and picolinafen). Negative crossresistance was observed in vitro in the enzyme assays and in planta, in both segregating and non-segregating transgenic A. thaliana plant lines. Herbicide supersensitivity, or negative cross-resistance, has been described for several other classes of herbicide, such as inhibitors of photosystem II (Oettmeier, 1999; Gressel, 2002) and mitotic disruptors (Vaughn et al., 1987 ), but has never been observed for herbicides that inhibit carotenoid biosynthesis.
Use as a selectable marker
Plants transformed with the mutated higher plant PDS showed an interesting herbicide resistance profile. Any of the Plants carrying Hydrilla pds mutations were able to stand the selective pressure of fluridone and norflurazon in vitro for the entire life cycle. This represents an advantage relative to selectable markers such as hygromycin, which require removal of selective pressure after a few days (Nazakawa and Matsui, 2003) . Indeed, the distinctive green colour shown by plants harbouring pds mutations, compared with the bleached non-transformed plants, makes this gene an excellent tool for selection ( Figure 4) . The use of norflurazon was highly effective for selection, with a maximum R / S ratio of 57.
This herbicide is the most water soluble of the compounds tested and is highly stable in solution or culture medium.
Probably the most interesting aspect of the use of Hydrilla pds mutations as a selectable marker is the higher plant origin. Given the negative public perception to the use of antibiotic resistance genes or other selectable markers of bacterial origin, a plant gene that is not found in mammalian systems is a better option as a selectable marker. Furthermore, this system also benefits from the negative crossresistance conferred by pds mutations to some of the PDS inhibitors. Indeed, this may represent an interesting tool to eliminate transformed plants if they were to appear in the wild.
Conclusion
We have reported the first case of evolution of resistance to PDS inhibitors in higher plants through somatic mutations (Michel et al., 2004) . In the present study, we determined that Arabidopsis plants transformed with Hydrilla pds containing mutations for Cys, Ser, His and Thr at position 304 resulted in high resistance to fluridone and norflurazon. In 
Bacterial expression vectors
H. verticillata pds has three in-frame putative start codons (Figure 1) . The complete pds sequence that includes codon ATG1 was cloned in the vector TOPO4 (Invitrogen, Carlsbad, CA) and the plasmid was named pHy4ATG5 (Michel et al., 2004) . This plasmid was used as a template to substitute Arg304 of PDS with all the natural amino acids using a QuickChange Site-directed Mutagenesis Kit (Stratagene, CA, USA; no. 2000518) , and the plasmids were named the ATG1 series.
The primers used to replace Arg304 by Cys, Ser and His have been reported previously (Michel et al., 2004) . Plasmids pPDS(aa) were transformed into bacterial Top10 cells (Invitrogen) for expression and analysis of PDS.
Expression plasmids starting at nt 234 (Figure 1) , named the ATG3 series, were made using pRSETb (Invitrogen) as a backbone. p3ORF-ATGSet, p3ORF-ATGSerSet, p3ORF-ATGCysSet and p3ORF-ATGHisSet have been described previously (Michel et al., 2004) . The same procedure was followed to make plasmid p3ORF-ATGThrSet for the Thr mutation.
Four mutations in other regions of the pds of Synechococcus have been reported to confer resistance to norflurazon and fluridone (Chamovitz et al., 1991) . Using p3ORF-ATG (Michel et al., 2004) as template plasmid, the mutations reported for Hyd-913-Phe-For: 5′-cttcataaaccctgatgaattttccatgcaatgcatcc-3′
to change Leu293 to Phe293. After mutagenesis, pds was subcloned using the EcoRI site into pRSETb to add the His-tag.
Double mutants
Plasmids p3ORF-ATG with Ser and Thr mutations, p3ORFSer
and p3ORFThr, respectively, were used to make eight double mutants by adding each of the four mutations described in Synechococcus sp. employing the primers indicated above.
Subcloning the double mutants into vector pRSETb resulted in the plasmids: p3ORF-ATGThr320ProSet, p3ORF-ATGThr403Gly, p3ORF-ATGThr436Arg, p3ORF-ATGThr913Phe, p3ORF-ATGSer320Pro, p3ORF-ATGSer403Gly, p3ORF-ATGSer436Arg and p3ORF-ATGSer913Phe. The PDS proteins containing the double mutations were expressed in BL21(DE3)pLysS cells, purified using nickel columns and tested for in vitro PDS activity as indicated by Michel et al. (2004) .
PDS-Start
A deletion clone from the original H. verticillata pds was generated using the primer PDS-Start (5′-cctcttcaagttgtaattgctggtg-3′), located at position −3 of the corresponding start codon of the pds sequence of Synechococcus (Figure 1) , and subcloned into TOPO4 vector. The PDS protein was expressed in Top10 E. coli cells and tested for activity.
Biochemical analysis of phytoene desaturase
Separate Top10 cultures harbouring the pPDS(aa) plasmids, ATG1 series, were grown, and their cells were harvested as described previously (Michel et al., 2004) . Lysed cell extracts were adjusted to 10 mg / mL total protein. Crude extracts containing phytoene (EB) were prepared according to Misawa et al. (1995) . As the ATG1 PDS clones could not be purified by affinity chromatography, the evaluation of fluridone resistance in these clones was performed using total protein and quantified by HPLC. As a result, these enzyme assays were carried out on equivalent total protein extracts, but the exact amount of PDS in each assay probably varied.
The assays for the ATG3 PDS clones against fluridone were performed as described in Michel et al. (2004) 
Plant expression vectors
Plasmid pHy4ATG5 was used as a template for site-directed mutagenesis of codon Arg304 to Cys, Ser, His and Thr, as indicated previously. The resulting plasmids were pPDSCys, pPDSSer, pPDSHis and pPDSThr, respectively. The wild-type (Arg304) pds and each of the mutations were subcloned as a 1813-bp SpeI-SspI fragment into the SpeI-PmlI sites of pCambia 1303 vector (Cambia, Canberra, Australia). The resulting plasmids were pPDArg1303, pPDCys1303, pPDHis 1303, pPDSer1303 and pPDThr1303 for wild-type, Cys, His, Ser and Thr mutations, respectively. The plasmids were transformed into Agrobacterium strain C58C1 (Sciaky et al., 1978) , and used to transform A. thaliana by the dip floral method (Clough and Bent, 1998) . Agrobacterium harbouring the plasmid pCambia1303 without pds was used as a control of the transformations and later as a control for herbicide screening.
Plant transformation and screening
Seeds from T1, T2 and T3 generations were screened on hygromycin (25 mg / L) and norflurazon (200 nM) separately.
Seedlings that were resistant to hygromycin in T1 were selected in either hygromycin or norflurazon in T2 and T3 and screened with multiple PDS inhibitors (Tables 3 -5 Table 4 ). The probe used for detection was a 700-bp fragment amplified using primers PDS-Start and RPDS942 (5′-TTGGCTTACATAATCTTTCAGGTG-3′).
The EC 50 values, or the concentrations of herbicide that resulted in 50% survival of the seedlings, were calculated using sigmoidal and negative exponential equations fitted to the data. Within this context, the R / S ratio represents the ratio of EC 50 of a herbicide relative to EC 50 of that herbicide on the wild-type.
Maximum resistance to fluridone and norflurazon
Seeds from the T3 generation of all mutant plant lines that did not show segregation on hygromycin were additionally tested in higher concentrations of fluridone and norflurazon to determine the maximum resistance to these two herbicides. The concentrations tested were 100, 125, 150, 175 and 200 nM fluridone and 300, 500, 750, 1000 and 3000 nM norflurazon.
Chlorophyll and carotenoid determination
Leaf chlorophyll was extracted from 10 mg in 3 mL of dimethyl sulphoxide for 2 h according to Hiscox and Israelstam (1979) . The absorbance of the extracts was measured at 645 and 663 nm, and total chlorophyll concentrations were determined according to Arnon (1949) . Carotenoids were extracted from 50 mg of tissue, and total carotenoid concentrations were determined spectrophotometrically according to Sandmann and Böger (1983) with an extinction coefficient of E 445 = 2500 (% w/v).
